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DETAILED ACTION 



Status of Application, Amendments, And/Or Claims 

The preliminary amendment of 18 February 2004 has been entered in full. 
Claims 2-28 are canceled. Claim 1 is under examination. 

Sequence Rules 

The instant application is not fully in compliance with the sequence rules, 37 CFR 
1 .821-1 .825, because each disclosure of a sequence encompassed by the rules is not 
accompanies by the required reference to the relevant sequence identifier (SEQ ID 
NO). Specifically, the sequences in the drawings are not accompanied by reference to 
SEQ ID NOS:. Correction is required. 

35 U.S.C. § 112, First Paragraph 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the manner and process of 
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the 
art to which it pertains, or with which it is most nearly connected, to make and use the same and shall 
set forth the best mode contemplated by the inventor of carrying out his invention. 

Claim 1 is rejected under 35 U.S.C. 112, first paragraph, because the 
specification, while being enabling for the claimed DNA wherein the recited BMP-12 
related protein is chosen from BMP-12 and MP52, and wherein the protein has the 
ability to induce the formation of tendon/ligament-like tissue, does not reasonably 
provide enablement for DNA molecules encoding other BMP-12 like proteins. The 
specification does not enable any person skilled in the art to which it pertains, or with 
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which it is most nearly connected, to make and/or use the invention commensurate in 

scope with these claims. 

The claims are directed to DNA molecules encoding a BMP-12 related protein. 

The specification defines a BMP-12 related protein as follows: 

BMP-12 related proteins are a subset of the BMP/TGF-BA/g-l family of 
proteins, including BMP-12 and VL-1, which are defined as tendon/ligament-like 
tissue inducing proteins encoded by DNA sequences which are cloned and 
identified, e.g., using PCR, using BMP-12 specific primers, such as primers #6 
and #7 described below, with reduced stringency conditions. It is preferred that 
the DNA sequences encoding BMP-12 related proteins share at least about 80% 
homology at the amino acid level from amino acids with amino acids #3 to #103 
of SEQ ID NO:1 . The DNA molecules preferably have a DNA sequence 
encoding the BMP-12 protein, the sequence of which is provided in SEQ ID 
NO:1 , or a BMP-12 related protein as further described herein. Both the BMP-12 
protein and BMP-12 related proteins are characterized by the ability to induce the 
formation of tendon/ligament-like tissue in the assay described in the examples. 



Thus, BMP-12 related proteins are very loosely defined structurally. Reduced 
stringency conditions allow for cloning of distantly related sequences. The encoded 
protein must have an activity. However, the instant fact pattern is similar to that in In re 
Hyatt, 708 F.2d 712, 218 USPQ 195 (Fed. Cir. 1983), wherein a single means claim 
which covered every conceivable means for achieving the stated purpose was held 
nonenabling for the scope of the claim because the specification at most disclosed only 
those means known to the inventors. When claims depend on a recited property, a fact 
situation comparable to Hyatt is possible, where the claim covers every conceivable 
structure (means) for achieving the stated property (result) while the specification 
discloses at most only those known to the inventor. See also Fiers v. Sugano, 984 F.2d 
164, 25 USPQ2d 1601 (Fed. Cir. 1993), and MPEP § 2164.08(a). The specification 
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discloses sequences for BMP-12 and MP52. These proteins are highly homologous. It 
is clear that there are sequences which are required for the tendon/ligament inducing 
activity. However, the claims fail to recite any structural limitations, and thus the skilled 
artisan would have to resort to trial and error experimentation to identify compounds 
meeting the functional limitations of the claims, even though a suitable assay for 
tendon/ligament inducing activity is disclosed. At the time of the invention, the state of 
the art established that mutation of naturally occurring sequences was more likely than 
not to result in loss of biological activity. While it is known that many amino acid 
substitutions are generally possible in any given protein the positions within the protein's 
sequence where such amino acid substitutions can be made with a reasonable 
expectation of success are limited. Certain positions in the sequence are critical to the 
protein's structure/function relationship, e.g. such as various sites or regions directly 
involved in binding, catalysis and in providing the correct three-dimensional spatial 
orientation of binding and catalytic sites. These or other regions may also be critical 
determinants of antigenicity. These regions can tolerate only relatively conservative 
substitutions or no substitutions. See Ngo et al. and Wells. 

Due to the large quantity of experimentation necessary to determine what 
structural features are requires for tendon/ligament inducing activity, the lack of 
direction/guidance presented in the specification regarding muteins of naturally 
occurring BMP-12 related proteins, the absence of working examples directed to same, 
the complex nature of the invention, the state of the prior art which establishes the 
unpredictability of the effects of mutation on protein structure and function, and the 
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breadth of the claims which fail to recite any structural limitations, undue 
experimentation would be required of the skilled artisan to make and/or use the claimed 
invention in its full scope. 

Claim 1 is rejected under 35 U.S.C. 112, first paragraph, as failing to comply with 
the written description requirement. The claim(s) contains subject matter which was not 
described in the specification in such a way as to reasonably convey to one skilled in 
the relevant art that the inventor(s), at the time the application was filed, had possession 
of the claimed invention. 

The claim is directed to a genus of DNA molecules that encode a generically 
defined BMP-12 related protein. 

To provide evidence of possession of a claimed genus, the specification must 
provide sufficient distinguishing identifying characteristics of the genus. The factors to 
be considered include disclosure of compete or partial structure, physical and/or 
chemical properties, functional characteristics, structure/function correlation, methods of 
making the claimed product, or any combination thereof. In this case, the only factor 
present in the claim is a partial structure in the form of a recitation of percent identity. 
There is not even identification of any particular portion of the structure that must be 
conserved. Accordingly, in the absence of sufficient recitation of distinguishing 
identifying characteristics, the specification does not provide adequate written 
description of the claimed genus. 
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Vas-Cath Inc. v. Mahurkar, 19USPQ2d 1111, clearly states that "applicant must 
convey with reasonable clarity to those skilled in the art that, as of the filing date sought, 
he or she was in possession of the invention. The invention is, for purposes of the 
'written description' inquiry, whatever is now claimed." (See page 1117.) The 
specification does not "clearly allow persons of ordinary skill in the art to recognize that 
[he or she] invented what is claimed." (See Vas-Cath at page 1116). 

With the exception of BMP-12 and MP52, the skilled artisan cannot envision the 
detailed chemical structure of the encompassed polypeptides, and therefore conception 
is not achieved until reduction to practice has occurred, regardless of the complexity or 
simplicity of the method of isolation. Adequate written description requires more than a 
mere statement that it is part of the invention and reference to a potential method of 
isolating it. The compound itself is required. See Fiers v. Revel, 25 USPQ2d 1601 at 
1606 (CAFC 1993) and Amgen Inc. v. Chugai Pharmaceutical Co. Ltd., 18 USPQ2d 
1016. 

One cannot describe what one has not conceived. See Fiddes v. Baird, 30 
USPQ2d 1481 at 1483. In Fiddes, claims directed to mammalian FGF's were found to 
be unpatentable due to lack of written description for that broad class. The specification 
provided only the bovine sequence. 

Therefore, only DNA encoding isolated polypeptides comprising the amino acid 
sequence set forth in BMP-12 and MP52, but not the full breadth of the claim meets the 
written description provision of 35 U.S.C. §112, first paragraph. Applicant is reminded 



Application/Control Number: 10/779,635 Page 7 

Art Unit: 1646 

that Vas-Cath makes clear that the written description provision of 35 U.S.C. §1 12 is 
severable from its enablement provision (see page 1115). 



Double Patenting 

The nonstatutory double patenting rejection is based on a judicially created 
doctrine grounded in public policy (a policy reflected in the statute) so as to prevent the 
unjustified or improper timewise extension of the "right to exclude" granted by a patent 
and to prevent possible harassment by multiple assignees. See In re Goodman, 1 1 
F.3d 1046, 29 USPQ2d 2010 (Fed. Cir. 1993); In re Longi, 759 F.2d 887, 225 
USPQ 645 (Fed. Cir. 1985); In re Van Ornum, 686 F.2d 937, 214 USPQ 761 (CCPA 
1982); In re Vogel, 422 F.2d 438, 164 USPQ 619 (CCPA 1970);and, In re Thorington, 
418 F.2d 528, 163 USPQ 644 (CCPA 1969). 

A timely filed terminal disclaimer in compliance with 37 CFR 1 .321 (c) may be 
used to overcome an actual or provisional rejection based on a nonstatutory double 
patenting ground provided the conflicting application or patent is shown to be commonly 
owned with this application. See 37 CFR 1.130(b). 

Effective January 1 , 1994, a registered attorney or agent of record may sign a 
terminal disclaimer. A terminal disclaimer signed by the assignee must fully comply with 
37 CFR 3.73(b). 

Claim 1 is rejected under the judicially created doctrine of obviousness-type 
double patenting as being unpatentable over claims 1 and 11-15 of U.S. Patent No. 
6,027,919. Although the conflicting claims are not identical, they are not patentably 
distinct from each other because the patented claims are multiple species of the 
instantly claimed genus. Since the patented species claims in part define the claimed 
genus, they render obvious the claimed genus. 



Claim 1 is rejected under the judicially created doctrine of obviousness-type 
double patenting as being unpatentable over claims 1 and 2 of U.S. Patent No. 
6,284,872. Although the conflicting claims are not identical, they are not patentably 
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distinct from each other because the patented claims are directed to a subgenus of the 
instantly claimed DNA molecules. The patented claims specifically recite the preferred 
embodiments of the instantly claimed genus, specifically, BMP-12 and MP52. 
Therefore, the pending claims are rendered obvious by the recited species of the 
patented claims. 

Conclusion 

No claims are allowed. 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Elizabeth C. Kemmerer, Ph.D. whose telephone number 
is (571 ) 272-0874. The examiner can normally be reached on Monday through 
Thursday, 7:00 a.m. to 5:30 p.m. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Brenda Brumback, Ph.D., can be reached on (571) 272-0961. The fax 
phone number for the organization where this application or proceeding is assigned is 
703-872-9306. 
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Information regarding the status of an application may be obtained from the 
Patent Application Information Retrieval (PAIR) system. Status information for 
published applications may be obtained from either Private PAIR or Public PAIR. 
Status information for unpublished applications is available through Private PAIR only. 
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 
you have questions on access to the Private PAIR system, contact the Electronic 
Business Center (EBC) at 866-217-9197 (toll-free). 
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Computational Complexity, 
Protein Structure Prediction, 
and the Levinthal Paradox 

J. Thomas Ngo, Joe Marks, and Martin Karplus 



1 . Perspectives and Overview 

A protein molecule is a covalent chain of amino acid residues. Although 
it is topologically linear, in physiological conditions it folds into a unique 
(though flexible) three-dimensional structure. This structure, which has 
been determined by x-ray crystallography and nuclear magnetic resonance 
for many proteins (Bernstein ct al. ( 1977; Abola et al., 1987), is referred to 
as the native structure. As demonstrated by the experiments of Anfinsen and 
co-workers (Anfinsen et al., 1961; Anfinsen, 1973), at least some protein 
molecules, when denatured (unfolded) by disrupting conditions in their 
environment (such as acidity or high temperature) can spontaneously refold 
to their native structures when proper physiological conditions are restored. 
Thus, all of the information necessary to determine the native structure can 
be contained in the amino acid sequence. 

From this observation, it is reasonable to suppose that the native fold 
of a protein can be predicted computationally using information only about 
its chemical composition. In particular, it should be possible to write down 
a mathematical problem that, when solved, gives the native conformation 
of the protein. This procedure would be self-contained, in the sense that 
no additional information about the biology of protein synthesis would 
be required. Further, it is reasonable to hope that this procedure could 
be accomplished without requiring an astronomical amount of computer 
resources, given the observation that polypeptide chains do fold to their 

The Protein Folding Problem and Tertiary Structure Prediction 
K. Men, Jr. and S. Lc Grand. Editors 
©Birkh&user Boston 1994 
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which depends steeply on the energy gap U, Given the assumptions that 
/V = 100 and n = 2, it was found that in the limit U -+ 0, the first-passage 
time is nearly 10 30 years. However, a modest change to the vaJue of U , say 
U = 2kT, lowers the first-passage time to under one second. (The base of 
the exponential, 1 + n cxp(-U/kT), is equal to 3 when U = 0, but 1.27 
when£/=2*r.) 

The analysis of Zwanzig et al. resolves a form of the Levinthal paradox 
in which the absence of clues about the form of the native state is the sole 
basis for expecting exponential-time folding. However, it does not resolve 
the form of the paradox based on computational complexity, since the opti- 
mization problem implied by the underlying model can be solved trivially 
in linear time. The reason for the tractability of the underlying model is 
the lack of long-range interactions, which are critical to rendering PSP NP- 
hard (Ngo and Marks, 1992). and essential for cooperativity (Karplus and 
Shakhnovich, 1992). 

6. Future Work 

It is not known whether there exists an efficient algorithm for predicting the 
structure of a given protein from its amino acid sequence alone. Decades 
of research have failed to produce such an algorithm, yet Nature seems to 
solve the problem. Proteins do fold! The "direct' 1 approach to structure 
prediction, that of directly simulating the folding process, is not yet possible 
because contemporary hardware falls eight to nine orders of magnitude short 
of the task. However, while this difference is large, it is not astronomical. 
Would this "direct" approach constitute an efficient and correct algorithm 
for protein-structure prediction? Too little is known about protein folding, 
and about the future of computing technology, to be able to answer this 
question at this rme. 

The results reviewed here (Section 3) do not completely rule out the ex- 
istence of a prot in-structure prediction algorithm that is both efficient and 
correct, in the precise senses of those words used throughout this chapter. 
In particular, it remains formally possible that there is a restricted form of 
PSP that is efficiently solvable, but subsumes protein-structure prediction. 
How can this possibility be investigated? 

A standard strategy in the analysis of any NP-hard problem is to ex- 
amine restricted forms of the problem systematically, classifying each as 
tractable or NP-hard, and thereby exposing the sources of the complex- 
ity. Barahona's results with Ising spin-glass models, which were described 
briefly in Section 4, are exemplary of this approach. While the particular 
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restrictions chosen by Barahona for spin glasses (reduction of dimensional- 
ity and removal of the magnetic field) are not suitable for protein-structure 
prediction, the overall strategy of examining restricted forms is appropriate. 
Some restricted form of PSP in which compactness plays a critical role is 
a candidate for this type of analysis (Section 4.6). 

The approach of considering restricted forms has worked well for 
dozens of important problems that are relatively "clean" and abstract (Garey 
and Johnson, 1979), but it may be difficult to pursue in the case of protein- 
structure prediction. In the former case, the problem shown to be NP-hard 
is usually as general as would actually be required in practice. In the latter 
case, what is desired is not an algorithm that can handle all possible in- 
stances of PSP (Section 3). but merely one that works for proteins. Thus, 
the fact that PSP is a generalization of protein-structure prediction makes 
the result that PSP is NP-hard Ies5 limiting than it could be. 

Ideally, one would like to demonstrate the NP-hardness of a problem 
that is more specific, not more general, than protein-structure prediction, be- 
cause that would automatically prove the NP-hardness of protein-structure 
prediction itself. This would entail finding an efficient transformation from 
some existing NP -complete problem that generates instances of PSP that 
arc proteins by every conceivable criterion. 38 It is difficult to see how such 
a transformation might proceed. 39 

An alternative approach that may be nearly as instructive is to use 
the currently available result regarding PSP as a baseline in a continuing 
comparative analysis — to find restricted forms of PSP that are NP-hard 
but as specialized as possible, and to find others that are tractable but as 
general as possible. The motivations for pursuing this methodology are 
both practical and theoretical: 

• Every NP-hardness result permits us to know in advance that a certain 
group of algorithms is likely to fail, and is therefore not worth pursuing 
(Section 4). 

• Conversely, every NP-hardness result helps identify a source of com- 
plexity in protein-structure prediction, and therefore what must be 
stripped away from the problem before it is reasonable to attempt 
efficient solution. 

The work of Finkelstein and Reva (1992) is a good example; an 
approach to structure prediction with a guaranteed polynomial time 
bound was developed. The critical assumption behind the algorithm is 
that only nonbonded interactions between nearest neighbors along the 
chain are significant. Because of this assumption, the algorithm can- 
not solve all instances of PSP. but instead is restricted to instances in 
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which only nonbonded interactions between nearest neighbors along 
(he chain are nonzero. 40 This violates the requirements of the reduc- 
tion from Partition to PSP. in which nonbonded interactions between 
sites distant from each other along the chain are essential. Thus, the 
problem is similar in character to that examined by Zwanzig et al. 
(Section 5.3). While the Finkelstein-Reva algorithm was not inspired 
by an NP-hardness result, the underlying strategy is similar to how 
NP-hardness results might be used; they removed from the problem 
what they observed to be a source of complexity. However, in this 
case, removing the source of complexity led to a problem different 
from that posed by protein folding, in which long-range interactions 
play an essential rote. 

• The NP-hardness of PSP serves as the premise for a reformulation of 
the Levinthal paradox (Section 5), whose conventional form is based 
on a model of folding that is in conflict with known experimental 
results. A motivation for pursuing an analysis of the computational 
complexity of protein-structure prediction is to assist in the construc- 
tive role of the Levinthal paradox — to help focus attention on the key 
questions in protein folding. 

A small number of reasonably well-defined potential resolutions to 
the computational-complexity form of the Levinthal paradox were 
listed in Section 5. One of the possible resolutions is that protein- 
structure prediction is tractable. W-hardness results with restricted 
forms of PSP would make that possible resolution less likely, thus 
lending credence to the alternatives. 

Attempts to rebolve the Levinthal paradox, which play a valid and 
useful role in helping to understand how proteins fold, can lead to 
confusion because the premises of the original form of the paradox 
are not well formulated. In particular, one such proposed resolution 
(Zwanzig et al., 1992) can be shown unequivocally not to resolve 
the computational complexity form of the paradox, and in related 
arguments (Karplus and Shakhnovich, 1992) has been shown to lead 
to physically incorrect consequences (Section 5.3). For the paradox to 
be meaningful, it must be "falsifiable" — it must be possible to know 
when the paradox has been resolved. 

In addition to restricted forms of PSP, it would be useful to know the 
computational complexity of other tasks in structure prediction that appear 
easier than the general problem, but whose complexities are none the less 
uncertain. 
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14. Computational Complexity and the levinthal r* akal/o.- 

The task of computing side-chain conformations given full knowledge 
of a protein's backbone conformation is one such problem. Case studies us- 
ing simulated annealing (Lee and Subbiah. 1991) have suggesied (hat pack- 
ing effects may suffice to determine, in part, (he side-chain conformations 
in a protein's core. The computational complexity of this packing prob- 
lem is unknown. Because only short-range effects are present, the graph 
of possible side-chain-side-chain interactions can be known in advance, is 
sparse, and consists of vertices of low degree. Previous experience — for 
instance, with Ising spin-glass models (Barahona. 1982), graph colorabil- 
ity (Garey and Johnson, 1979, p. 191) and cartographic labeling (Formann 
and Wagner, 1991; Marks andShieber. 1991)— illustrates that such neigh- 
borhood interactions can, on their own, give rise to NP-hanlness. On the 
other hand, many problems that contain such neighborhood interactions 
are tractable if restrictions can be placed on the nature of the graph (Garey 
and Johnson, 1979), suggesting that the problem of finding a mutually ac- 
ceptable set of side-chain conformations for a protein could be tractable. 
(One currently known algorithm for predicting side-chain jonformations 
based on backbone positions achieves 70% to 80% accuracv for x\ and xi 
angles [Dunbrack and Karplus, 1993].) Not knowing the computational 
complexity of side-chain structure prediction leaves the algorithm devel- 
oper in the quandary of not knowing whether inexact me: hods are truly 
necessary, given the possible existence of a superior exact- a Igorithm. 
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Notes 

1 The Thermodynamic Hypothesis states that a protein's native fold is the con- 
figuration of globally minimal free energy. However, it is generally assumed that 
a protein's stales of lowest free energy are similar enough in entropy to justify the 
use of potential energies instead of free energies as a computational convenience; 
potential energies are much faster and more straightforward to compute. 

2 For example, if only nonbonded interactions between nearest neighbors along 
the chain are significant, the global minimum structure can be predicted efficiently 
(Finkelstein and Reva. 1992). 

5 The term combinatorial optimization is normally reserved for problems in which 
the solution space is discrete. Throughout this chapter we use the term to refer 
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_he energetics of virtually all binding functions in proteins 
is the culmination of a set of molecular interactions. For 
example, removal of a single molecular contact by a point 
mutation causes relatively small reductions (typically 0.5-5 
kcal/mol) in the free energy of transition-state stabilization 
[for reviews see Fersht (1987) and Wells and Estell (1988)), 
protein -protein interactions (Laskowski et al., 1983, 1989; 
Ackers & Smith, 1985), or protein stability (for review see 
Matthews (1987)] compared to the overall free energy asso- 
ciated with these functional properties (usually 5-20 kcal/mol). 
Thus, it is possible to modulate protein function by mutation 
at many contact sites. In fact, to design large changes in 
function will often require mutation of more than one func- 
tional residue. 

There is now a large data base for free energy changes that 
result when single mutants are combined. A review of these 
data shows that, in the majority of cases, the sum of the free 
energy changes derived from the single mutations is nearly 
equal to the free energy change measured in the multiple 
mutant. However, there are two major exceptions where such 
simple additivity breaks down. The First is where the mutated 
residues interact with each other, by direct contact or indirectly 
through electrostatic interactions or structural perturbations, 
so that they no longer behave independently. The second is 
where the mutation causes a change in mechanism or rate- 
limiting step of the reaction. It is important to note that the 
additive effects discussed here do not change the molecularity 
of their respective reactions. When the molecularity of the 
reaction changes [as in comparing the free energy of binding 
of one linked substrate (A-B) versus the sum of two fragments 
(A plus B)), large deviations from simple additivity can result 
from entropic effects (Jencks, 1981). Although the focus here 
is on enzyme activity, similar conclusions may be drawn from 
mutations affecting protein-protein interactions, protein-DNA 
recognition, or protein stability. Some practical examples and 
applications are discussed. 

Additivity Relationships 

The change in free energy of a functional property caused 
by a mutation at site X is typically expressed relative to that 



of the wild-type protein as AAC (X) . Such free energy changes 
for two single mutants (X and Y) can be related to those of 
a double mutant (designated X,Y) by eq 1 (Carter et al., 1984; 
Ackers & Smith, 1985). The AC, term (also called the 
AAC (X . Y) ~ AAC (X) + AAG (Y) + AG, (1) 

coupling energy; Carter et al., 1984) should reflect the extent 
to which the change in energy of interaction between sites X 
and Y affects the functional property measured. It is possible 
for AC, to be either positive or negative depending upon 
whether the interactions between the mutant side chains reduce 
or enhance the functional property measured. Furthermore, 
the AC, term should not exceed the free energy of interaction 
between side chains at sites X and Y except in cases where 
these mutations cause large structural perturbations. This was 
First applied to evaluating the functional independence of 
residues mutated in tyrosyl-tRNA synthetase (Carter et al., 
1984). In one case the sum of the AAC values for single 
mutants was equal to that of the double mutant, indicating 
the sites functioned independently; in another example there 
was a large discrepancy, suggesting the sites were interacting. 

Simple Additivity in Transition-State Binding 
Interactions 

The strengths of noncovalent interactions are strongly de- 
pendent upon the nature of the two groups and the distance 
(r) between them. For example, the free energy of charge- 
charge, random charge-dipole, random dipole-dipole, van der 
Waals attraction, and repulsion decay as 1/r, I//, 1//*, 1//* 
and 1/r 12 , respectively (for review see Fersht (1985)]. Thus, 
when the side chains at sites X and Y arc remote to one 
another and assuming no large structural perturbations, the 
AC, term should be negligible and eq 1 thus simplifies to 
AAC (Xt Y) - AAC (X) + AAC(Y) (2) 
This situation, here referred to as simple additivity, is generally 
observed except where side chains arc close to each other or 
when one or both of the mutants change the rate-limiting step 
or reaction mechanism. These principles are well illustrated 
from data of additive mutational effects on transition-state 
stabilization energies. ~ ^ 
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noimE 1 • Hoi of the change* in transhion-sttte stabilization energies 
for the multiple mutant versui the sum for the component mutants. 

Dai ar?Uk?n from Table I *"^"Sftfi!t Sm 3 
(■). tyrosyl-tRNA synthetase (O). trypsin (O). DHFR (•). no 

glu umione reducu* (A), *^ ™^ * "^/J^? 
should not conuct one another. The dashed line has a slope of I. 
and the solid line is a best fit to ail the data. 

Changes in transition-state subilization energy (MG\) 
caused bv a mutation can be calculated from eq 3 (Wilkinson 
et al.. 1983). in which R is the gas constant. T is the absolute 

A^M)m»uM 

AAG| » -RT In „ : V> 

1 (*e»t/ HMlviU-im 

temperature. *„, is the turnover number, and K M is the Mi- 
chaelis constant for the mutant and wild-type enzyme against 
a fixed substrate. AAGt represents the change in free energy 
to reach the transition-state complex (E-S # ) from the free 
enzyme and substrate (E + S). 

t 0 analyze the proposition that the interaction energy term, 
AC;„u is relatively small when the sites of mutation (X and 
Y) are remote to one another, AAG^ values were collected 
from the literature where side-chain substitutions in the 
multiple mutant are beyond van der Waats conuct (>4 A 
distant) from each other (Table I). There are at least 25 
examples distributed across five different enzymes where 
AAGJ values csyi be calculated for the individual and multiple 
mutants assayed in at least two different ways. Among these 
are examples where electrostatic interactions, hydrogen 
bonding, and steric and hydrophobic effects have been altered 
separately or in combination with others. The X-ray structures 
of the wild-type proteins show that the wild-type side chains 
are not in conuct. Modeling suggests the muunt side chains 
are beyond possible van der Waals conuct unless the muunt 
side chains were to cause significant changes in the wwll 
protein structure. Such large changes are rarely observed in 
structures of site-specific muttnt proteins (Katz & Kossiakoff, 

1986; Alber et al.. 1987; Howell et al.. 1986: Wilde et al.. 

1988) or even highly variant natural proteins (Chothia & Leak, 

1986) 

A collective plot of the sum of the AAC? *»1oes for the 
component muunts versus the corresponding multiple mutant 
(Table I) gives a remarkably strong correlation {R* - 0.92) 
with a slope near unity (Figure I). The smiptat interpreutta 
is that the interact*, term. AG^ » «|»» 
overall effects on AAG^w " » formally P^ ,b ^! hat v °^! 
are large and compensating effects between side chains X and 
Y that systematically lead to small net values for^ AG m . 

There are some notable exceptions that weaken the corre- 
lation within the dau set (Table I). In particular, combining 
the R204L muutkm in Escherichia coll gluUthiorK reductase 
™« a less than additive effect, especially when combined with 



another mutant. R198M (Scrutton el aU 1990). These ba«c 
residues are not inAl contact, but both side cha.ns fomi 
a salt bridge with uSPphosphate group of NADPH. Indeed^ 
the largest discrepancies are when these muunts are assayed 
with NADPH ascompared to NADH. Similarly, the sum 
of the AACt values for two positively charged component 
mutants in subt.lisin (D99K and E»56K)^ereat.matea Ae 
effect of the multiple muunt when assayed with Arg but 
not with a Phe substrate (Russell St. Fersht. 1987)^ Such 
discrepancies are not too surprising because charge-^hargn, 
interacTions fall off as 1/r and canexhibU -£Wf*» 
in proteins Ifor example, see Russell and Persht (1988)1- The 
physical basis for other large discrepancies not involving 
electrosutic substitutions is less clear but may involve^ unex- 
pectedly large structural changes or changes in enzyme 
mechanism (see below). j _ i .., < jk»«« 
These additivity tests are not particularly dominated by one 
of the single muuntt in the sum. The average contribution 
(±SE) for the most dominant muunt in ech sum 
from the 69 additivity tests given in Table I is o^fW% 
(±15%) of the total sum (theoretical is -50%). Furthermore, 
the plot in Figure I is not analogous to graphs of correlated 
variables, where A is plotted versus the sum of A + B. because 
in Figure I the values on the j-axis are determined inde- 
pendently from those on the x-axis. 

Complex ADOtnvmr in Transition-Statf 
Stabilization— When AG|„, * o 

(A) Change in Interaction Energy between Sites X and Y. 
Where residues X and Y are dose enough to conuct, it is more 
likely that the AG?,,, term will be significant. There are \\ 
examples collectively from tyrosyl-tRNA syntheuse and 
subtilisin that fit this category (Table II). 

A series of muunts in tyrosyl-tRNA synthetase at positions 
4g and 51 (Carter et al. 1984; Lowe et al., 1985) show com- 
plex additivity (Table II). His48 and Thr51 in the wild-type 
structure are next to each other on adjacent turns of ano-hdix. 
His4g hydrogen bonds to the ribose ring oxygenof ATP white 
Thr5l can make van der Waals conuct with ATP. The T51P 
muutkm increases the caulytic efficiency of the enzyme in 
some assays by more than -2 kcal/mol (Wilkinson et aL, 
1984) However, when this muution is combined with mu- 
tations at position 48. the effectt are not simply additive. An 
X-ray structure of the T51P muunt indicates there are no 
structural changes in the cr-hdix (Brown et al* 1987). Instead, 
it is suggested that the T51 P muunt is improved ow wild 
type because the wild-type enzyme contains a bound water m 
the vicinity of Thr51 that disfavors substrate binding. Blow 
and co-workers (Brown et al„ 1987) argue that the change 
in solvent structure propagated to position 48 may account for 
the complex additivity. In the previous section, the double 
muunt (H48G.T51A) exhibited nearly simple »ddithntjr 
(Table I). Presumably, the smaller and leas hydrophobic 
alanine substitution at position 51 should not introduce m large 
a change in solvent structure as the pyrrolidone ring of proline. 

In the case of subtilisin (Table II), Glul56 is near the top 
of the PI binding crevice while Clyl66 is at the bottom. In 
the wild-type enzyme these sites do not make direct van der 
Waals conuct, but large side chains substituted at position 
1 66 can be modeled to conuct the residue at position 1 56. In 
fact. X-ray structural analysis shows that an Asn »«te chain 
at position 166 makes a good hydrogen bond with Olol56 
(Bon et al„ 1987). Moreover, all of the sobstittrtwro are potar 
or charged, the energetics of which are expected to I*"*? 0 * 
long range. Thus, the muunt side chains alter subsuntially 
the intramolecular interactions between positions 1 56 and 166. 
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ATP/PP, 
ATP/tRNA 
Tyr/PP* 
Tyr/tRNA 

ATP/PPj 
ATP/tRNA 
Tyr/PP, 
Tyr/tRNA 

ATP/tRNA 
ATP/Tyr 

ATP/PP* 
ATP/lRNA 

Tyr/Tyr 
ATP/Tyr 



K 
R 



MTX 



E 
0 
A 
K 
M 
F 
Y 

E 
0 
A 
K 
M 
F 
Y 



E 

0 
A 
K 
M 
F 
Y 

R 

F 



component mutants 
TyrosyMRNA Synthetase 



sum 



multiple 
mutant 



C35G + n4atr 




+2.30 


+ 1.20 + 1.04 


» * • *— 


4- 1.05 ▼1.13 . 


+2.18 


+ 1.68 


+ 1.14 4- 1 .1 2 




+2.32 


+0.32 +112 


X I A 4 

▼ 1 J 


♦ 1 50 


C35C + T51P 




-1.14 


+ 1.20 -1.91 


-V. / 1 


+ 1.05 -2.35 


i in 


-1 Sit 


+ 1 |4 -0.64 


+0 50 


-0.74 


+032 +0.50 


+0.82 


+0.21 


C35G + T5IC* 




-0.22 


+ 105 -093 


+0.12 


+ I.I4 -0.91 


+0.23 


-0.1 3 


H48N ♦ 1 31 A 




+0 04 


+0.26 -0.38 


-O.I2 


-0.13 -032 


-0.45 


-0.37 


T40A + H45G' 




+6.95 


+5.02 +3.15 


+8.17 


+5.13 +2.44 


+7.57 


+6.67 


Rat Trypsin 






G216A + G226A* 




+ 5 07 


+2.75 +3H 


+5.88 


+2.19 +4.91 


+7.10 


+ 5.90 


Dihydrofolite Rcducuse (^^i^) 




F31V + L54G' 




+4.5 


+1.6 +2.9 


+4.5 


+2.2 +2.9 


+ 5.1 


+4 5 



Subtilisin BPN' 



assay 



R 

F 



F 

Y 



F 
Y 



F 
Y 



component mutants 

Subtilisin BPN' 
D99K + E156K 
+1.29 +2.12 
+0.13 -0.49 
E156S. 
GI66A+ GI69A. 

Y2I7L' 
-0.40 -1.46 
+0.94 -103 

GI66A + HM/ [ 

+4.96 
+4.40 

S24C. 
H64A 

+4.96 
+4.40 



F 
Y 



E156S + Y2I7L + G169A* 




-2.06 


F 


-1.43 


-0.87 


-0.62 


-2.92 


Y 


-0.60 


-0.36 


-0.32 


-1.28 


-1.14 




-0.15 


-0.41 


-0.27 


-083 


-0.92 




+1.70 


-008 


-0.30 


+1.32 


+087 




-0.86 


-0.32 


-0 39 


-1.57 


-1.41 


NADH 


-0 61 


-0.29 


066 


-1 56 


-1.17 


NADPH 


-0.24 


-0.12 


-0.41 


-0.77 


-0.59 


NADH 


EI56S + Y2I7L 






-167 


-1.43 


-0.87 




-2.30 


NADPH 


-0.60 


-0.36 




-096 


-0.96 




-0.15 


-0.41 




-0.56 


-0.53 


NADH 


+ 1 70 


-0 08 




+ 1.62 


+ 1 33 


NADPH 


-086 


-0.32 




-1 18 


-111 




-0 61 


-0 29 




-0 90 


-0.84 




-0.24 


-0.12 




-0 36 


-0.32 


NADH 


EI56S. 
Y217L 


+ G169A 








NADPH 


-1.67 


-0.62 




-2.29 


-2.06 




-0.96 


-0.32 




-1 28 


-1.14 


NADH 


-053 


-0.27 




-0.80 


-0.92 


NADPH 


+ 1.33 


-0.3C 




+ 1.03 


+0.87 




-1.11 


-0.39 




-1.50 


-1.41 


NADH 


-0.84 


-0.66 




-1.50 


-1.17 


-0.32 


-0.41 




-0.73 


-0.59 


NADPH 


D99S + EI56S* 
♦0.47 +0.77 
0 -062 




+1 24 

-0.62 


+1.52 
-0.52 


NADH 
NADPH 



-0.40 
+0.94 
EI56S. 
GI69A, 
Y2I7L 
-1.46 
-1.03 
S24C, 
H64A. 
GI69A. 
Y2I7I. 
+4.21 
+3.96 
S24C 
H64A, 
GI66A 
+4.11 
+5.84 



+ G166A 



-0.40 
+0.94 
EI56S. 
GI69A. 
Y2I7L 
-1.46 
-1.03 
EI56S. 
S24C. + C166A. 
H64A GI69A. 
Y2I7L 
-1.76 
+0.02 



+4.<r6 
+440 



sum 



+3.4! 
-0.36 



-1.86 
-0.09 



+4.56 
+5.34 



+3.50 
+3.37 



+ 381 

+4.90 



+2.65 
+4.81 



+ 320 
+4.38 



E. coti Glutathione Reductase 
A179G + R198NV 

-1.10 -0.62 -1.72 

♦0 08 +2.68 +2.76 
A179G + R204L 

-I 10 +0.41 -0.69 

+0.08 +2.42 +2 50 



R198M + R204L 
-0.62 +0.41 
♦ 2.68 +2.42 
Aiion ♦ R179M, 
A,79 ° R204L 
-0.51 
+3.70 
AI79G, 
R204L 
-1.54 
+0.87 
A179G. 
RI98M 
+041 -1.32 
+2.42 +2.11 
R179G + RI98M + 
-1.10 -0.62 
+O.0i +2.68 



-MO 
+0 08 

RI98M 

-062 
+2.68 

R204L + 



R204L 
+0.41 
+2.42 



-0.21 
+3.10 



-I 61 
+3.78 



-2.16 
+ 3.55 



-091 
+4.53 

-1.31 
+5.18 



multiple 
mutant 



+2.74 
-0.42 



-1.76 
+0.02 



+4.11 
+5.84 



+4.2 1 
+3.96 



+3.33 
♦6.07 



+3.53 
♦6 07 



+3.53 
♦6.07 



-1.32 
+2.11 

-1.54 
+0.87 

-0.51 
+3.70 



-1.72 
+2.22 



-1.72 
+2.22 



-1.72 
+2.22 

-1.72 
+2.22 



under uturttint coodhlom for 'r^«"<"« SimSm ^JoWel .1 (IW6). 'LetthertofW et il.(!9M). 
v.iion uiay refer. 10 formttkm of lyroeyl .denytole .nder oondhlom. end KJ** * ****** from 

The ATP/Tyr end Tfr/T^ -etW^^y. refer to PI rrrtm <X) 

for tyrmine end MP. tOj«lWtly. 'C«J ^JMSSKSSl <H,F) or meihotreute (MTX). 'Wefl. « tl. (I9I7.). TUt 
is either Ly» (K) or Art (R) «•! ZjSZZSZfl mwHoe (Schechter A Berger. I937> mi ehher Chi (E). Gin (Q). 

Am (A)t Lya (KK mci |M|, nie ' t '* \JV .L , rtH#fH .1 H989) The wtmnte wts t^nrl-t-Pt»e-t-Ala-t-Hb-i^X>-^Kr«mHOe when 

gg^gttggS"^ « " "™* ^ S ,he ^ iw> "" u,h>0Be - NAPH 2 NADPH 
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v* the Multiple Mutanl Where the Mutant 

One A not he; 



; Chains Can Contact 



O t7W?NA iynthetoJ«J 



assay* 



ATP/PP, 
ATP/tRNA 

Tyr/PP* 
Tyr/tRNA 
ATP/Tyf 
Tyr/A TP 

ATP/Tyr 

Tyr/Tyr 

ATP/iRNA 

ATP/Tyr 

Tyr/Tyr 

ATP/tRNA 

ATP/Tyr 

Tyr/Tyr 

ATP/tRNA 

ATP/Tyr 

Tyr/Tyr 

ATP/tRNA 



component 
mutants 



sum multiple mutant 



Tyroayl 

H48G 

♦ 1.04 

♦ 1.13 
+ 1.12 
+ 1.12 
+0.95 
+ 1.07 

H48N 
+0.18 
+0.36 
-0.02 

N48G 
+0.37 
+0.41 
+ 1.26 

Q48G 
-1.31 
-2.05 
-1.87 

H48Q 
+2.26 
+3.13 
+3.11 



tRNA Synthetase 

+ T5IP* 

-1.91 
-2.35 
-0.64 
+0.50 
-1.99 
-0.38 
+ T5IP 
-1.99 
-0.38 
-2.23 
+ T5IP 
-0 94 
-1.00 
-1.05 
+ T5IP 
-1.09 
-1.65 
-1.85 
+ T5IP 
-1.99 
-0.38 
-2.23 



-0.87 
-1.22 
+0.48 
+ 1.63 
-1.04 
+0.69 

-1.81 
-0.02 
-2.25 

-0.57 
-0.59 
+0 21 

-2.40 
-3.70 
-3.72 

+0.27 
+2.75 
+0.88 



+ 1.07 
+0.77 
+ 1.02 
+0.17 
+ 1.04 
+0.82 

-0.76 
-0.64 
-1.07 

+0.86 
+045 

+0.90 

-1.22 
-2.31 
-2.23 

+ 1.17 
+ 1.48 
+ 1.26 



Subtilisin BPN' 
EI56Q + G166iy 
-1.04 +127 
-0.45 +183 
+2.15 +0.53 
E156S + GI66D 
-0.59 +127 
-0.85 +1-83 
+ 1.68 +0.53 
E156Q + G166N 
-1.71 -0.11 
-1.04 +0.14 
-0.45 +0.1 * 
+2.15 +0 48 
EI56S + G166N 
-1.44 -0.11 
-0.59 +0.14 
-085 +0.18 
+ 1.68 +0.48 
EI56S + GI66K 
-1.44 -3.49 
-0.59 -1.03 
-0.85 -1.37 
+ 1.68 +0.51 
EI56Q + GI66K 
-1.71 -3.49 
-1.04 -1.03 
-0.45 -137 
+2.15 40.51 



0 
M 
K 

Q 

M 
K 

E 

Q 
M 
K 

E 

0 
M 
K 

E 

Q 
M 
K 

E 

Q 
M 

K ^ 

•Sec Table 1 for description assays. 'Lowe et al. (1985). 'Carter et 
al. (1984). 'Welts ctal.( 1987b). 

In these six examples there are large and systematic discrep- 
ancies between the sum of the AAGj values for the single 
mutants and those of the corresponding double mutant (Wells 
etal„ 1987b). In almost all cases, the sum of the AAG} values 
for the single mutant* H much greater than the value for the 
multiple mutant Nonetheless, the AAG$ value predicted from 
the sum of the single mutants does have the same wgnasthat 
for the double mutant, so that the single mutants predict 
qualitatively the effect on the multiple mutant 

A plot (Figure 2) of the collective data set from Table I! 
is in contrast to that seen in Figure 1 . The AAC T values Tor 
_..t»:«j« m*»*mmf /vw**l«t» mftt* nrmrlv with the sum Of 



+0.23 
+ 1.38 
+2.68 

+0.68 
+0.98 
+2.22 

-1.82 
-0.90 
-0.27 
+2.73 

-1.55 
-0.45 
-0.67 
+ 2.16 

-493 

-1.62 
-2.22 
+2.19 

-5.20 
-2.07 
-1.82 
+2.66 



+0.75 
+0.16 
+0.26 

+0.74 
+0.66 
+0.49 

-0.69 
-0.77 
-1.10 
+ 1.16 

-0.51 
-0.85 
-0.78 
+ 1.26 

-4.49 

-0.95 
-1.12 
+ 1.88 

-4.49 

-0.95 
-1.12 
+ 1.88 
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nouitE 2: Data are taken from Table II for mutants of subtilbin (■) 
or tyrosyl-tRNA synthetase (O) where mutant or wild-type side chains 
can contact each other. The dashed lint represent! a theoretical line 
of unity slope, and the solid line represents the best fit 

the component single mutants (R 2 - 0.72). Moreover, the 
slope of the line (0.61 ) is much below unity. This indicates 
that the function of one residue is compromised by mutation 
of another. Of the 40 additivity examples, the average con- 
tribution of the most dominant single mutant to the sum of 
the AAGt values is 71% (±13%) of the total. Thus (as in 
Figure I), both single mutants can contribute substantially 
to free energy changes measured in the multiple mutant. 
However, this data set is derived from mutations at only two 
different sites on two different proteins. 

In summary, complex additivity can be observed when 
mutations at sites X and Y change the intramolecular inter- 
action energy between sites. This can be mediated by direct 
steric electrostatic hydrogen-bonding, or hydrophobic in- 
teractions or indirectly through large structural changes in the 
protein, solvent shell, or electrostatic interactions. Complex 
additivity is most likely to occur where the sites of mutation 
are very close together and larger or chemically divergent side 
chains are introduced. 

(B) Mutations at Sites X or Y Change the Enzyme 
Mechanism or Rate-Limiting Step. If the catalytic functions 
of two or more residues are interdependent, then a mutation 
of one residue can affect the functioning of the others). This 
form of complex additivity is well illustrated for mutations in 
the catalytic triad and oxyanion binding site of subtilisin 
(Carter A Wells, 1988, 1990). In tht catalytic mechanism 
of subtilbin (Figure 3), the rate-limiting step in amide bond 
hydrolysis is transfer of the proton from Scr22 1 to His64 with 
nucleophilk attack upon the scissile carbonyl carbon. This 
is accompanied by electrostatic stabilisation of the protonated 
imidazole by Asp32 and hydrogen bonding to the oxyanion 
by the side chain of AsnISS and the main-chain amide of 
Ser22l. Mutational analysis shows that once the catalytic 
Ser22l is mutated to Ala (S221A), additional mutations in 
the triad or oxyanion binding site cause no further loss in 
catalytic efficiency (Table III). 

The S221A enzyme retains a catalytic activity that is stilt 
10* above the solution hydrolysis rate (Carter ft Wells, 1988). 
It b proposed that thb residual activity is derived from re- 
maining transition-state binding contacts outside of the cat- 
alytic triad coupled with solvent stuck upon the carbonyl 
carbon from the face opposite position 221 (Carter ft Wells, 
1990). Thb proposal b based on a model showing that there 
b no room for a water molecule near Ala22l once the substrate 
abound. Furthermore, conversion of Asnl 33 to Cfy enhances 
the activity of the S22I A mutant by -1.2 kcal/moi (Table II!). 
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figure 3- Schematic diagram of the mechanism of subtilisin showing the rate-limiting acyUtkm step for hydrolysis of peptide bonds. Reproduced 
with permission from Carter and Wells (1988). Copyright I98S Macmillan. 

activity could not go beyond the diffusion-controlled limit 
(Albery ft Knowles, 1976). 



Table III: Comparison of Sums of AAG T * from Component Mutants 
vs the AAG T * for Multiple Mutants in the Catalytic Triad and 
Oxyanion Binding Site of Subtilisin BPN" 



component mutants 



sum multiple mutant 



S221A + H64A* 

+8.93 +8.84 +17.76 +8.83 

S22IA + D32A 
+8.93 +6.52 +15.45 + 8 86 

H64A + D32A 

+8.84 +6.52 +15.36 +7.48 

S22IA + H64A + D32A 
+8.93 +8.84 +6.52 +24.29 +8.65 

^ . . , H64 A, 
SH,A + D32A 

+8.9 J +7.48 +16 40 +8.65 

H64A+ S D ? 2 ' A A - 
+8.84 +8.86 +17.70 +8.65 

D32A + S H 2 ^ 
+*S2 +8.83 +15-35 +8 65 

S22IA+NI55C 

+8.93 +3.08 +12.01 +7.70 

"All enzymes were assayed with the substrate succinyl-L-Ala-i-Ala- 
l-Proa-Phe^nitrosniltde. • Carter and Wells (1988). 'Carter and 
Wells (1990). 

This is consistent with the opposite-face solvent attack 
mechanism of S221 A, because the oxyanion (Figure 3) would 
develop away from A$nI55 and the N155G mutation improves 
solvent accessibility to the scissile car bony I carbon. 

Complex additivity is also seen for subttiisin mutated at 
positions 64 and 32. The double (H64A.D32A) and corre- 
sponding single mutants show a linear dependence upon hy- 
droxide km concentration (between pH 8 and 10) that may 
reflect hydroxide assistance in the deprotonation of the Of 
of Ser221 (Carter ft Wells, 1988). Thus, once His64 is 
converted to Ala, Asp32 is a liability, presumably by elec- 
trostatic repulsion of hydroxide km. [Note the -1.3 kcal/mol 
improvement in AA<7J for the double mutant (H64A J532A) 
compared to H64A alone; Table HI.) 

In summary, if an enzyme mechanism relies upon cooper- 
ative interaction between two or more residues, then multiple 
mutations within this subset can result in large values for 
AC^ In fact, if the mechanism is changed substantially, 
residues that were a catalytic asset can become a liability. 
Simple additivity can also break down when one or more of 
the mutations cause a change in the rate-limiting step. ln*n 
extreme case, one may have a number of mutants man enzyme 
♦hat enhance the activity, but the cumulative enhancement of 



Additive Effects on Suktkate Bindino 

The analysis above considered changes in binding free en- 
ergies between the free enzyme and substrate (E + S) to yield 
the bound transition-state complex (E-S # ). The steady-state 
kinetic analysis for subtilisin and tyrosji-tRN A synthetase b 
such that the K M values approximate the enzyme-substrate 
dissociation constant Additivity analysis based on calcu- 
lations of aa/? v ~ t (from K H values) or AA</ M (from 
values) yields qualitatively the same results (not shown) as 
shown in Tables I and II and Figures 1 and 1 Thus, deviations 
from simple additivity are not systematically found in either 
the energetics to form the E-S complex or those to reach E*SV 

Additive Effects on Protein-Protein Interactions 

The first dear examples of additive binding effects caused 
by amino acid replacements in proteins were reported by 
Laskowski et al. (1983) and reviewed by others (Ackers ft 
Smith, 1985; Horovitz A Rigbi, 1985)/ One hundred natural 
variants of a proteinase inhibitor, the ovomucoid third domain, 
have been isolated and sequenced from the eggs of different 
bird species (Emptc ft Laskowski, 1982; Laskowski et aU 
1987). This is a nested set of proteins because for any one 
of these avian inhibitors there is a dose relative containing only 
one or a few amino acid substitutions. Moreover, the asso- 
ciation constants (KJ of these inhibitors with a variety of serine 
proteinases vary over an enormous range (I (f -fold). Laskowski 
et aL (1983, 1989) have shown that the effect of a given residue 
replacement on Jt, is about the same irrespective of the in- 
hibitor scaffold the replacement is made in. 

In addition to ovomucoid, four additivity examples have been 
constructed from natural variants at the subunit interface of 
tetrameric hemoglobin (Ackers ft Smith, 1985). Three ad- 
ditivity examples have been analyzed for interactions of hOH 
with its receptor (B. C. Cunningham and J. A. Wells, un- 
published results) and one example for association of synthetic 
variants of the RNase S peptide with RNsse S protein 
(Mttchhtson ft Baldwin, 1986). The entirety of this data set 
is not tabulated because much on the ovomucoid inhibitors 
and hGH is unpublished. Nonetheless, these reaearcheis were 
kind enough to provide thdr data formatted so it could be 
plotted collectively in Figure 4. These data consist of 91 
additivity examples (80 in ovo mu coid s alone), representing 22 
multiple mutants across four different protdns, and span a 
wide range of change In binding free energ r (-10 to +7 
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nouM4: Plot showing the sum of changes in free energk* of binding 
at protein-protein interfaces for compone n t mutants versus the 
corre s ponding multiple muunt. Data represent interactions between 
ovomucoid third domain and various serine proteases (a) (R. Wvnn 
and M. Laikowski, personal communication), regulatory interface 
of a A hemoglobin (•) (Ackers * Smith, 1985), hGH and its receptor 
(stippled A) (B. Cunningham and J. Wefts, personal communication), 
and RNase S peptide and S protein (■) (Mitchinson A Baldwin, 
1986). The dashed line represents a line of unity slope, and the solid 
line is the best Tit. 

kcal/moi). The plot shows a very strong linear correlation (/?* 
« 0.96) with a slope near unity. Although the data for the 
ovomucoid were not sorted to evaluate changes at intramo- 
lecular contact sites, most are not expected to be in contact, 
and all of the other examples represent noncontact sites. Thus, 
the large data base derived from natural variants of ovomucoid 
third domain, as well as a smaller number of examples from 
several other proteins, indicates that multiple mutations at 
protein-protein interfaces commonly produce simple additive 
effects. 

Additive Effects in DNA-Pkotein Interactions 

One of the clear advantages in analyzing DNA-protein 
interactions is the ability to apply powerful selections that make 
analysis by random mutational studies feasible. Additivity 
in DNA-protein interactions was first demonstrated by re- 
version analysis of A repressor (Nelson A Sauer, 1985). A 
mutation that decreased the binding affinity for the X operator 
site (K4Q) was reverted by mutations at several second sites 
(E34K, 048S, and E83K). When these second-site revertants 
were introduced into wild-type X repressor, they caused in- 
creases in affinity similar to those observed in the first-site 
suppressor muunt (K4Q). 

Functional independence for mutations at DNA-protein 
contacts has been demonstrated by additive effects for mutants 
of CAP (catabolitc gene activator protein) and its operator 
sequence (Ebright et a!., 1987) as well as lac repressor and 
its cor r e s ponding operator sequence (Ebright, 1986). Simple 
additivity of mutational effects in the operator sequences for 
Cro repressor (Tskeda et al., 1989) and X repressor (Sarai ft 
Takeda, 1989) has been most systematically demonstrated. 
Simple additivity has also been reported for multiple mutations 
in the lac repressor (Lehming et al., 1990). In fact, simple 
additivity is so predictable in DNA-protein interactions that 
the observation of complex additivity has been used to predict 
specific DNA-protein contacts in the lac it pressor -operator 
complex (Ebright, 1986). 

Additive Effects on Protein Stability 

The Tint systematic anslysis of addit ive ef fects of site- 
specific mutations on protein stability was reported by Short le 
and Meeker (1986). Five multiple mutants in staphylococcal 
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Staphylococcal Nuclease 
V66L + GW 

-0.2 -2.6 "2.8 
40.2 -2.9 -2.7 
V66L + GS8V 

-0.2 -10 -1.2 
40.2 -09 -0.7 
II8M 4 A69T^ 
-0.6 -2.7 -3.3 
-0.7 -2.9 -36 
II8M 4 A90S 

-0.6 -14 -20 
-0.7 -1.4 -2.1 

V66L 4 G79S 4 G88V 

-0.2 -2.6 -10 -3.8 

40.2 -2.9 -09 -3.6 

N-Terminal Domain of X Repressor 
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thermal melt 
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40.3 
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thermal melt 


-0.8 40.3 


-0.5 


-0.6 



-1.3 
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GuHCI -01 40.3 +02 

•Shortle and Meeker (1986). * Hecht et si. (1986). 'Wetzel ctal. 
(1988). 'Sandberf and Terwilli§cr (1989). 'R. Kelley. personal 
communication. 'Otlewski and Laskowski (1990). N45-CHO refers 
to a glycosylate of Asn45. <Hurle et al. (1986), 

nuclease were constructed from a group of random tingle 
mutants that were screened initially for their ability to affect 
the stability of the enzyme in vivo. The compon en t mutant* 
do not make direct contact with each other in the multiple 
mutant*. Generally, these variant* exhibit nearly additive 
effect* except for the double mutant V66UG88 V (Table IV), 
In additksntoUmeofstaphykxooc^ 
on the AA/ y r T (assayed by reversible denaturatten) have 
also been determined for the N^erminal domain of X ftpitw 
(one example; Hecht et al„ 1 986), the o-subunit of E. celt Trp 
synthetase (one example; Hurt* et aL, 1 986), T4 tysozyme (six 
examples; Wetzel et al- 1988), the gene V product of bac- 
teriophage fl (one example; Sandberg ft Terwilliger, 1989), 




I AAG^n, components 

nouxB 5: Plot showing ram of changes in free energy of unfolding 
of compone n t mutants and resulting multiple mnttnt Data are taken 
from Tabk IV and represent ttaphylococcal nudeaae (■), N-temunal 
domain of X repressor (O). T4 lysozyme (o). bacteriophage f 1 gene 
V product (•). Kringle-2 domain of tissue plasminogen activator (A), 
turkey ovomucoid third domain (A), and the a-subunit of Trp 
symheuse (V). The dashed line represents a theoretical line of unity 
slope, and the solid line represents the best fit. 

natural variants of ovomucoid third domain (two examples; 
Otlewski A Uskowtki. 1990), and the Kringle-2 domain of 
human tissue plasminogen activator (t-PA) (one example: R. 
Kelley, personal communication). 

Collectively, this data art gives a high linear correlation (IP 
-0.94) and slope near unity (Figure 5). The generally simple 
additive behavior is somewhat surprising given the hi ghly 
cooperative nature of protein folding. There are discrepancies 
in some of the additivity examples besides the staphylococcal 
nuclease mutant (V66L.G88V). For example, the 1.5 
kcal/moi discrepancy for the Y175C.G271E double mutant 
in Trp synthetase (Table IV) is proposed to result from the 
fact that these residues are in direct contact (Hurle et al., 
1986). Furthermore, proximity effects may account for the 
large differences between the sum of the component mutants 
and the multiple mutants for the cr-heJical double glycine 
mutant G46A.G48A in X repressor (Hecht et al„ 1986). and 
when combining R96H with the C3-C97 disulfide mutant in 
T4 lysozyme (Wetzel et al„ 1988). In contrast, an exchange 
of two side chains that contact one another (V35I and MTV) 
in the hydrophobic core of the gene V product of f 1 phage 
produced simple additive effects (Sand berg A Terwilliger. 
1989; Table IV). It should be noted that this data base ex- 
hibiting simple additivity may be biased for single mutants 
that stably fold, because severely unstable proteins are more 
difTicult to express. 

By analogy to transition-state binding effects, one can 
certainly imagine instances where the stabilizing effects of 
mutations should reach a plateau. For example, denaturation 
at high temperatures can become controlled by a chemical step 
such as deamidation (Ahem et al., 1987). so that additional 
mutants that stabilize the folded form of the protein may be 
irrelevant Another obvious example w h e re comple x additivity 
can be observed in protein stability is the stabilizing effect of 
disulfide bonds and noncovalent intramolecular contacts that 
require interactions betv cen two or more residues. In these 
cases, the stabilizing interaction between two side chains can 
be broken with only one mutation. 

Applications of ADonrmY in Rational Protein 
Design 

A rtrategy of additive mutagenesis, where a series of single 
mutants each making a small improvement In function are 



combined, is one ofite most powerful tools in designing 
functional propertieuBproteins. This approach has been 
remarkably succeufuTTn stabilizing proteins to irreversible 
innervation, such as X repressor (Hecht et al. 1986). subtilisin 
(Bryan et al.. 1987; Cunningham A Wells, 1987; Pantoliano 
et al., 1989), kanamydn nucleotidyltransferase (Liaoet al.. 
1986; Matsumura, 1986), neutral protease (Imanaka et al- 

1986) . and T4 lysozyme (Wetzel et al., 1988; Matsumara et 
al., 1989). This strategy has been applied to enhancing the 
catalytic efficiency of a weakly active variant of subUIUin 
(Carter et al.. 1989), engineering the substrate »P«^".city of 
subtilisin (Wells et sl„ I987a,lr, Russell A Fersht, 1987) and 
the coenzyme specificity of glutathione reductase (Scrutton 
et at, 1990). designing protease inhibitors with exquisite 
protease specificity (Laskowski et al.. 1989), and recruiting 
human prolactin to bind to the bGH receptor (Cunningham 
et al. 1990). In addition, additivity principles have been used 
to engineer the pH profile of subtilisin (Russell A Fersh t. 

1 987) and to design the affinity and specificity of X repressor 
(Nelson A Sauer. 1985). 

For this approach to work docs not require that all the 
co mp one n t mutants act in a simply additive manner but just 
that their effects accumulate. For example, despite the com* 
pkx additivity of effects in the catalytic triad of subtilisin, there 
are mutagenic pathways that are energetically cumulative for 
installing the triad (Carter A Wells, 1988; Wells et al, 1987c). 
Starting with the triple mutant S22IA.H64A.D32A, there is 
a pro gre s si v e enhancement for installing Scr221 (-1.1 kcal/ 
mol), then His64 (-1.0 kcsl/mol). and finally Asp32 (-6.5 
kcal/moi). Another cumulative pathway of Ser221. then 
Asp32, and finally His64 is possible if the Ser221,Asp32 in- 
termediate were to use HisP2 substrates (Carter A Wells, 
1987). Elaborating such cumulative pathways is important 
for understanding how a catalytic apparatus may have evolved 
and is practically useful for considering how to install such 
catalytic machinery into weakly active catalytic antibodies. 

Conclusions 

In the majority of cases, combination of mutations that 
affect substrate or transition-state binding*- protein-protein 
interactions. DNA-protein recognition, or protein stability 
exhibita simple additivity. Simple additivity is commonly 
observed for distant mutations at rigid molecular interfaces 
such as in protein-protein and DNA-protein interactions, 
where the mutations are unlikely to alter crossly the structure 
or mode of binding. 

Large deviations from simple addhrvhy can occur when the 
sites of mutations strongly interact with one another (by 
making direct contact or indirectly through electrostatic in- 
teractions or large structural perturbations) and/or when both 
sites function cooperatively (as for the catalytic triad and 
oxyanion binding she of subtilisin). Changes at sHes that can 
contact each other do not always lead to complex additivity; 
this may reflect relatively weak interactions between the two 
sites or indicate that the interactions are compensatory and 
appear to be weak. 

It is important to point out the magnitude of errors in 
predicting the free energy effect in the multiple mutant from 
the compon en t single mounts. Generally, for those cases 
exhibiting simple additivity (Figures I. 4, and 5). the dis - 
crepancy in free energy between the sums of the components 
and multiple mutants is about ±25%. Part of this is the result 
of compounding errors when sum mi ng the single mutants, and 
the rest is presumably due to weak interaction terms. 
Nonetheless, this means that if the total free energy change 
b about 3 kcal/moi. the change in the equilibrium constant 



(related by K v /K m - lO""** - JX) will often be off by a 
ftctor of 4. Thus, while the frecMrgy effects accumulate, 
significant deviations will occur iirpredicting the final equi- 
librium constants when component mutants contribute a large 
free energy term. 

Simple additivity Reflects the modularity of component 
amino acids in protein function. This results from the fact 
that the perturbations in energetics and structure resulting 
from most mutations are highly localized. In the past six years, 
an additive mutagenesis strategy has been extremely effective 
in engineering proteins— of course, nature has been using this 
strategy much longer. 
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abstract: Femtosecond spectroscopy was used in combination with site-directed mutagenesis to study the 
influence of tyrosine M210 (YM 210) on the primary electron transfer in the reaction center of Rhodobacter 
sphaeroides. The exchange of YM210 to phenylalanine caused the time constant of primary electron transfer 
to increase from 3.5 ± 0.4 ps to 16 * 6 ps while the exchange to leucine increased the time constant even 
more to 22 * 8 ps. The results suggest that tyrosine M2I0 is important for the fast rate of the primary 
electron transfer. 



primary photochemical event during photosynthesis of 
bacteriochlorophyll- (Bchl-) containing organisms is a light- 
induced charge separation within a transmembrane protein 
complex called the reaction center (RC). The crystal struc- 
tures of RCs from Rhodopsevdomcmas {Rps.) vtrldls and 
Rhodobacter (Rb.) sphaeroides have been solved to high 
resolution (reviewed in Detscnhofer and Michel (1989), Chang 
et al. (1986), Tiedc et al. (1988), and Rees et al. (1989)]. The 
RC from Rb. sphaeroides contains three protein subunits 
referred to as L, M, and H 9 according to their respective 
mobilities in SDS-polyacrytamidc gets. Associated with the 
Land M subunits ar. the cofactors, consisting of four Bchl 
a, two bacteriopheophytin (Bph) a, one atom of non-heme 
ferrous iron, two quinones (Q A and Qi), and in some species 
one carotenotd (reviewed in Parson (1987) and Feher et al. 
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(1989)). The cofacton are arranged in two branches (Figure 
I ) with an approximate C 2 axis of symmetry. The kinetic data 
support a model in which the primary electron transfer pro- 
ceeds after light absorption by the primary donor (a special 
pair of Bchl referred to as P; reviewed in Ktrmaier and Molten 
(1987)]. The absorption of light generates the excited elec- 
tronic state P\ which has a lifetime of approximately 3 ps. 
An electron is transferred from P along only one branch (the 
so-called A -branch). It is generally accepted that after ap- 
proximately 3 ps the electron arrives at the Bph on the A-side 
(H A ) and after 220 ps it reaches Q A . The role of the accessory 
Bchl located between P and H A (referred to as B A ) has not 
been definitely assigned. Recently, we have shown that at 
room temperature an additional kinetic (r ■ 0.9 ps) component 
is detectable (Holzapfd et nU 1989). The spectral properties 
and the kinetic constants lead to the conclusion that the 
corre sp onding intermediate is the radical pair P*B A ~ (Hoi- 



NOTICE OF OFFICE PLAN TO CEASE SUPPLYING COPIES OF CITED US. PATENT 
REFERENCES WITH OFFICE ACTIONS, AND PILOT TO EVALUATE THE 
ALTERNATIVE OF PROVIDING ELECTRONIC ACCESS TO SUCH US. PATENT 

REFERENCES 



Summary 

The United States Patent and Trademark Office (Office or USPTO) plans in the near future to: 

(1) cease mailing copies of US. patents and US. patent application publications (US patent 
references) with Office actions except for citations made during the international stage of an 
international application under the Patent Cooperation Treaty and those made during 
reexamination proceedings; and (2) provide electronic access to, with convenient downloading 
capability of, the US patent references cited in an Office action via the Office's private Patent 
Application Information Retrieval (PAIR) system which has a new feature called "E-Patent 
Reference. 9 ' Before ceasing to provide copies of U.S. patent references with Office actions, the 
Office shall test the feasibility of the E-Patent Reference feature by conducting a two-month pilot 
project starting with Office actions mailed after December 1, 2003. The Office shall evaluate the 
pilot project and publish the results in a notice which will be posted on the Office's web site 
(www.USPTO.gov) and in the Patent Official Gazette (O.G.). In order to use the new E-Patent 
Reference feature during the pilot period, or when the Office ceases to send copies of U.S. patent 
references with Office actions, the applicant must: (1) obtain a digital certificate from the Office; 

(2) obtain a customer number from die Office, and (3) properly associate applications with the 
customer number. The pilot project does not involve or affect the current Office practice of 
supplying paper copies of foreign patent documents and non-patent literature with Office actions. 
Paper copies of references will continue to be provided by the USPTO for searches and written 
opinions prepared by the USPTO for international applications during the international stage and 
for reexamination proceedings. 

Description of Pilot Project to Provide Electronic Access to Cited U.S. Patent 
References 

On December 1, 2003, the Office will make available a new feature, E-Patent Reference, in the 
Office's private PAIR system, to allow more convenient downloading of U.S. patents and U.S. 
patent application publications. The new feature will allow an authorized user of private PAIR 
to download some or all of the U.S. patents and U.S. patent application publications cited by an 
examiner on form PTO-892 in Office actions, as well as U.S. patents and U.S. patent application 
publications submitted by applicants on form PTO/SB08 (1449) as part of an EDS. The retrieval 
of some or all of the documents may be performed in one downloading step with the documents 
encoded as Adobe Portable Document format (.pdf) files, which is an improvement over the 
current page-by-page retrieval capability from other USPTO systems. 




Steps to Use the New E-Patent Reference Feature During the Pilot Project and 
Thereafter 

Access to private PAIR is required to utilize E-Patent Reference. If you don't already have 
access to private PAIR, the Office urges practitioners, and applicants not represented by a 
practitioner, to take advantage of the transition period to obtain a no-cost USPTO Public Key 
Infrastructure (PKI) digital certificate, obtain a USPTO customer number, associate all of their 
pending and new application filings with their customer number, install no-cost software 
(supplied by the Office) required to access private PAIR and E-Patent Reference feature, and 
make appropriate arrangements for Internet access. The full instructions for obtaining a PKI 
digital certificate are available at the Office's Electronic Business Center (EBC) web page at: 
<http.7/www.usPto. gov/ebc/downloads.html> . Note that a notarized signature will be required to 
obtain a digital certificate. 

To get a Customer Number, download and complete the Customer Number Request form, PTO- 
SB125, at: httD://www.uSDto.gov/web/forms/sb012S.pdf . The completed form can then be 
transmitted by facsimile to the Electronic Business Center at (703) 308-2840, or mailed to the 
address on the form. If you are a registered attorney or patent agent, then your registration 
number must be associated with your customer number. This is accomplished by adding your 
registration number to the Customer Number Request form. A description of associating a 
customer number with an application is described at the EBC web page at: 
http://www.uspto.gov/ebc/registration painhtml . 

The E-Patent Reference feature will be accessed using a new button on the private PAIR screen. 
Ordinarily all of the cited U.S. patent and U.S. patent application publication references will be 
available over the Internet using the Office's new E-Patent Reference feature. The size of the 
references to be downloaded will be displayed by E-Patent Reference so the download time can 
be estimated. Applicants and registered practitioners can select to download all of the references 
or any combination of cited references. Selected references will be downloaded as complete 
documents as Adobe Portable Document Format ( pdf) files. For a limited period of time, the 
USPTO will include a copy of this notice with Office actions to encourage applicants to use this 
new feature and, if needed, to take the steps outlined above in order to be able to utilize this new 
feature during the pilot and thereafter. 

During the two-month pilot, the Office will evaluate the stability and capacity of the E-Patent 
Reference feature to reliably provide electronic access to cited U.S. patent and U.S. patent 
application publication references. While copies of U.S. patent and U.S. patent application 
publication references cited by examiners will continue to be mailed with Office actions during 
the pilot project, applicants are encouraged to use the private PAIR and the E-Patent Reference 
feature to electronically access and download cited U.S. patent and U.S. patent application 
publication references so the Office will be able to objectively evaluate its performance. The 
public is encouraged to submit comments to the Office on the usability and performance of the 
E-Patent Reference feature during the pilot. Further, during the pilot period registered 
practitioners, and applicants not represented by a practitioner, are encouraged to experiment with 
the feature, develop a proficiency in using the feature, and establish new internal processes for 
using the new access to the cited U.S. patents and U.S. patent application publications to prepare 
for the anticipated cessation of the current Office practice of supplying copies of such cited 
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references. The Office plans to continue to provide access to the E-Patent Reference feature 
during its evaluation of the pilot 

Comments 

Comments concerning the E-Patent Reference feature should be in writing and directed to the 
Electronic Business Center (EBC) at the USPTO by electronic mail at eRcference@uspto . gov or 
by facsimile to (703) 308-2840. Comments will be posted and made available for public 
inspection. To ensure that comments are considered in the evaluation of the pilot project, 
comments should be submitted in writing by January 1 5, 2004. 

Comments with respect to specific applications should be sent to the Technology Centers* 
customer service centers. Comments concerning digital certificates, customer numbers, and 
associating customer numbers with applications should be sent to the Electronic Business Center 
(EBC) at the USPTO by facsimile at (703) 308-2840 or by e-mail at EBC@uspto.gov. 

Implementation after Pilot 

After the pilot, its evaluation, and publication of a subsequent notice as indicated above, the 
Office expects to implement its plan to cease mailing paper copies of U.S. patent references cited 
during examination of non provisional applications on or after February 2, 2004; although copies 
of cited foreign patent documents, as well as non-patent literature, will still be mailed to the 
applicant until such time as substantially all applications have been scanned into IFW. 

For Further Information Contact 

Technical information on the operation of the DFW system can be found on the USPTO website 
at http://www.uspto.gov/web/patents/ifw/index.html. Comments concerning the E-Patent 
Reference feature and questions concerning the operation of the PAIR system should be directed 
to the EBC at the USPTO at (866) 217-91 97. The EBC may also be contacted by facsimile at 
(703) 308-2840 or by e-mail at EBC@uspto.gov. 





Nicholas P. Godici 
Commissioner for Patents 
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USPTO TO PROVIDE ELECTRONIC ACCESS TO CITED U.S. 
PATENT REFERENCES WITH OFFICE ACTIONS AND CEASE 

SUPPLYING PAPER COPIES 



In support of its 21 st Century Strategic Plan goal of increased patent e-Government, beginning in 
June 2004, the United States Patent and Trademark Office (Office or USPTO) will begin the phase- 
in of its E-Patent Reference program and hence will: (1) provide downloading capability of the 
U.S. patents and U.S. patent application publications cited in Office actions via the E-Patent 
Reference feature of the Office's Patent Application Information Retrieval (PAIR) system; and (2) 
cease mailing paper copies of U.S. patents and U.S. patent application publications with 
Office actions (in applications and during reexamination proceedings) except for citations made 
during the international stage of an international application under the Patent Cooperation Treaty 
(PCT). In order to use the new E-Patent Reference feature applicants must: (1) obtain a digital 
certificate and software from the Office; (2) obtain a customer number from the Office; and (3) 
properly associate patent applications with the customer number. Alternatively, copies of all U.S. 
patents and patent application publications can be accessed without a digital certificate from the 
USPTO web site, from the USPTO Office of Public Records, and from commercial sources. The 
Office will continue the practice of supplying paper copies of foreign patent documents and non- 
patent literature with Office actions. Paper copies of cited references will continue to be provided 
by the USPTO for international applications during the international stage. 



All U.S. patents and U.S. patent application publications are available on the USPTO web site. 
However, a simple system for downloading the cited U.S. patents and patent application . 
publications has been established for applicants, called the E-Patent Reference system. As E-Patent 
Reference and Private PAIR require participating applicants to have a customer number, retrieval 
software and a digital certificate, all applicants are strongly encouraged to contact the Patent 
Electronic Business Center to acquire these items. To be ready to use this system by June 1, 2004, 
contact the Patent EBC as soon as possible by phone at 866-217-9197 (toll-free), 703-305-3028 or 
703-308-6845 or electronically via the Internet at ebc/g).uspto.gov. 

Other Options 

The E-Patent Reference function requires the applicant to use the secure Private PAIR system, 
which establishes confidential communications with the applicant. Applicants using this facility 
must receive a digital certificate, as described above. Other options for obtaining patents which do 
not require the digital certificate include the USPTO's free Patents on the Web program 
(http://www.uspto.gov/patft/index.html). The USPTO's Office of Public Records also supplies 
copies of patents for a fee f http://ebizl.uspto.gov/oems25p/index.htmn . Commercial sources also 
provide U.S. patents and patent application publications. 

For complete instructions see the Official Gazette Notice, USPTO TO PROVIDE ELECTRONIC ACCESS TO CITED 
U.S. PATENT REFERENCES WITH OFFICE ACTIONS AND CEASE SUPPLYING PAPER COPIES, on the 
USPTO web site. 



Schedule 



June 2004 
July 2004 
August 2004 



TCs 1600, 1700, 2800 and 2900 
TCs 3600 and 3700 
TCs 2100 and 2600 
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